Introduction
Transcription factors of the ETS family are frequently involved in the pathogenesis of a variety of leukemias and solid tumors in man and in several animal species often as fusion oncoproteins (for review, Ghysdael and Boureux, 1997) . However, two ETS family members (namely Spi-1/PU.1 and FLI-1) are overexpressed as unfused, non mutated proteins in dierent types of Friend virus-induced erythroleukemias (for review, see Ben-David and Bernstein, 1991) .
The Friend virus is a complex of a replicationcompetent helper virus (F-MuLV) and a replicationdefective spleen focus forming virus (SFFV). The early phase of the disease induced in adult mice by both the FV-A and FV-P strains of the Friend virus is characterized by the polyclonal expansion of preleukemic erythroblasts in the spleen of infected animals. This massive outgrowth results from the abnormal activation of the erythropoietin receptor (EpoR) by its interaction with the gp55 glycoprotein encoded by the env gene of SFFV (Aizawa et al., 1990; Hoatlin et al., 1990; Li et al., 1990; Tarr et al., 1997) . Later in disease progression, leukemic clones emerge which carry at least two recurrent genetic alterations. The ®rst is the overexpression of Spi-1/PU.1 due to the integration of an SFFV provirus at the Spi-1 locus (Moreau-Gachelin et al., 1988; Paul et al., 1991) . The second is the loss of function of the p53 tumor suppressor gene, either by gene deletion or by mutation in critical domains of the p53 protein (for review, see Ben-David and Bernstein, 1991) . Analysis of the consequences of the overexpression of Spi-1/ PU.1 in Friend cell lines and primary erythroblasts in tissue culture as well as in a transgenic mouse model have indicated a role for Spi-1/PU.1 in the inhibition of erythroid dierentiation and in the induction of cell proliferation (Delgado et al., 1994; Moreau-Gachelin et al., 1996; Rao et al., 1997; Schuetze et al., 1993; Tran Quang et al., 1995 .
The F-MuLV helper virus does not induce erythroleukemia in adult mice but can induce the disease when injected into susceptible strains of newborn mice (for review, see Ben-David and Bernstein, 1991) . Like in the SFFV-induced disease, the early phase of F-MuLV-induced erythroleukemia is also characterized by the expansion of erythroblasts in the spleen and liver of infected animals and by severe anemia. Since the F-MuLV genome does not encode gp55, this early phase does not seem to involve the abnormal activation of EpoR seen in the SFFVinduced disease. In about 75% of the cases, the emergence of proliferating erythroblasts in the spleen of infected animals is concomitant with the rearrangement of the FLI-1 locus and the activation of the expression of FLI-1 (Ben-David et al., 1991; Howard et al., 1993) . At that stage, proliferating cells are not immortalized and additional genetic events are likely to be required to bypass senescence and induce immortalization. Such events are selected for after transplantation of primary tumor cells into syngeneic hosts and could include the loss of function of wild type p53 (Howard et al., 1993) . Further evolution of these leukemias e.g. toward unresponsiveness to exogenous Epo is observed following transplantation of leukemic cells into new hosts (Howard et al., 1996) .
We recently described a heterologous system in which the contribution of each of the alterations which characterize SFFV-induced erythroleukemia as well as their cooperation could be successfully analysed (Tran Quang et al., 1997) . Speci®cally, the expression of Spi-1/PU.1 was found to deregulate the survival and dierentiation program normally controlled by Epo in avian primary erythroblasts and to induce their proliferation in response to SCF (Stem Cell Factor), the c-Kit ligand. In addition, the phenotypes imposed by Spi-1/PU.1 on these cells required the cooperation of Spi-1/PU.1 with an abnormally activated form of the EpoR which mimics the gp55/EpoR interactions (Tran Quang et al., 1997) .
The aim of the present study was to investigate the consequences of FLI-1 expression in primary avian erythroblasts and to compare its activity to that of Spi-1/PU.1. We show that FLI-1 resembles Spi-1/PU.1 in that it also inhibits the apoptotic cell death normally induced by primary erythroblasts in response to Epo withdrawal and impairs terminal dierentiation of these cells in response to Epo, inducing their selfrenewal as dierentiation-arrested erythroblasts. However, unlike Spi-1/PU.1 which requires an abnormally activated form of EpoR, FLI-1 deregulates the dierentiation and proliferation control of primary erythroblasts expressing a wild type EpoR. Finally, we show that the eect of FLI-1 on the proliferation and dierentiation of erythroblasts correlates with the deregulated expression of speci®c D type cyclins.
Results

Generation of primary ts-v-Sea erythroblasts expressing FLI-1 and/or mEpoR
A cDNA encoding an hemaglutinin (HA)-tagged version of FLI-1 was inserted in the SFCV retroviral vector (Fuerstenberg et al., 1990) to generate SFCV-FLI-1. This vector encodes a Gag-neo fusion protein and expresses the exogenous FLI-1 cDNA from a spliced subgenomic message (see Figure 1a for a schematic of the viruses used in this study). To produce infectious particles from the replicationdefective SFCV-FLI-1 genome, we made use of the replication competent properties of either the RCAS-A retroviral vector (Hughes et al., 1987) or a RCAS-A derivative encoding the mouse EpoR (Tran Quang et al., 1997; Figure 1a for a description of the strategy). Speci®cally, chicken embryo ®broblasts (CEFs) were co-transfected with SFCV-FLI-1 and either RCAS-A or RCAS-mEpoR, followed by selection of infected cells with G418. The expression of either R-CAS-A or R-CAS-mEpoR allows to rescue the replicationdefective properties of SFCV-FLI-1 to generate infectious virus stocks able to achieve the expression of FLI-1 alone or the co-expression of FLI-1 and mEpoR, respectively. Similar transfection using the empty SFCV vector (SFCV-0) instead of SFCV-FLI-1 generated control virus stocks able to direct the expression of either no exogenous protein or that of mEpoR alone (Figure 1a) .
Immunoprecipitation analyses was used to verify for expression of FLI-1 and mEpoR in infected CEFs. Cells were labeled metabolically with a mixture of To generate ts-v-Sea erythroblast clones expressing the proteins under study, bone marrow cells were coinfected with the appropriate virus stock plus the ts-vSea virus (see Materials and methods). Colonies of infected erythroblasts were grown in semi-solid medium, picked and expanded at 378C. They were analysed for their dierentiation and proliferative properties after shift to 428C to inactivate the ts-vSea kinase. Under these conditions ts-v-Sea erythroblasts are induced to synchronously dierentiate into fully mature erythrocytes in 3 ± 4 days in response to chicken anemic serum as a source of avian Epo (Knight et al., 1988) . Although normally unresponsive to human recombinant Epo (hEpo), ts-v-Sea erythroblasts can also be induced to dierentiate terminally in response to hEpo following expression of physiological amounts of the mouse EpoR (mEpoR) (Steinlein et al., 1994; Tran Quang et al., 1997) .
Expression of FLI-1 in primary erythroblasts enhances their survival and inhibits their terminal dierentiation
We ®rst analysed the consequences of the expression of FLI-1 on the survival and dierentiation of primary erythroblasts. Ts-v-Sea erythroblasts clones expressing FLI-1 (Figure 2a) were generated by co-infection of bone marrow cells with the ts-v-Sea virus and SFCV-FLI-1/RCAS-A (see Materials and methods). Control ts-v-Sea erythroblast clones were similarly obtained using the SFCV-0/RCAS-A virus.
Both control and FLI-1 expressing clones were shifted to 428C in the presence or absence of chicken anemic serum (aEpo) and compared for their survival and dierentiation properties. As expected, control clones dierentiated terminally in response to aEpo as evidenced by the accumulation of high levels hemoglobin ( Figure 2b ) and their morphological dierentiation into mature erythrocytes (Figure 2c , Ins+aEpo panel). In the absence of aEpo, control erythroblast clones failed to form mature erythrocytes and disintegrated instead (Figure 2c , Ins panel). In fact, control erythroblasts deprived of aEpo rapidly committed to undergo apoptosis as shown by the accumulation of terminal deoxynucleotidyl transferase (TdT)-positive cells in TUNEL assays, 16 h after shift to 428C (Figure 2d ).
In contrast, erythroblast clones expressing FLI-1 were found to be profoundly altered in both their survival and dierentiation properties. In the presence of aEpo, FLI-1 clones showed only a modest increase in their hemoglobin level 3 days after shift (Figure 2b ). In these conditions, the majority of the cells remained essentially immature as evidenced by their erythroblastic morphology and the lack of benzidine staining ( Figure 2c , Ins+aEpo panel). Besides inhibition of aEpo-induced dierentiation, FLI-1 expression was also found to strongly enhance the ability of erythroblasts to survive in the absence of aEpo. In contrast to control clones which die within two days in the absence of aEpo, FLI-1 clones retained a large proportion of live, immature cells in these conditions (Figure 2c, Ins panel) . This eect on cell survival was also manifest by the strong reduction of the proportion of TdT-positive, apoptotic cells in FLI-1 expressing clones as compared to control clones (Figure 2d ).
We previously found that enhanced survival resulting from the enforced expression of Spi-1/PU.1 in primary erythroblasts is accompanied by the upregulation of bcl2 expression (Tran Quang et al., 1997) . We therefore analysed the expression of bcl2 in control and FLI-1 erythroblast clones. Poly(A) + RNA was extracted from cells shifted to 428C in the absence of aEpo for 8 h and analysed by Northern blot for bcl2 expression. The results of Figure 3 show that in these conditions control erythroblasts failed to express bcl2 mRNA whereas FLI-1 erythroblasts expressed easily detectable levels of the 6.5 kb bcl2 transcript (Figure 3a) . Equal amounts of poly(A) + RNA were analysed in these samples as assessed by hybridization with a control Band 4.1 probe ( Figure  3b ).
Chicken anemic serum contains a number of other cytokines and growth factors besides Epo. The eects of FLI-1 on Epo-induced terminal dierentiation Immunoprecipitates were analysed by electrophoresis on polyacrylamide gels in the presence of SDS, followed by¯uorography. Speci®cally immunoprecipitated proteins are indicated by arrowheads Figure 2 FLI-1 enhances survival and inhibits dierentiation induced by anemic serum in primary erythroblasts. Clones of ts-v-Sea erythroblasts infected with the SFCV-0 control virus or with SFCV-FLI-1 were analysed at 428C for their ability to dierentiate in response to chicken anemic serum as a source of avian Epo (aEpo). (a) Analysis of FLI-1 protein expression in two representative SFCV-FLI-1 clones. Clones SFCV-FLI-1 C11 and E5 as well as a SFCV-0 control clone were subjected to labeling and immunoprecipitation analysis using the 12CA5 monoclonal antibody as described in the legend to Figure 1 , using constant amounts of acid-insoluble radioactive counts from all extracts. The HA-FLI-1 protein is indicated by an arrowhead. (b) Quantitative determination of hemoglobin levels (see Materials and methods) in SFCV-0 and SFCV-FLI-1 clones C11, E8 and E5 3 days after shift to 428C in insulin (white bars) or insulin plus aEpo (black bars). Normalized values (hemoglobin level per 10 6 live cells at day 3) are plotted. (c) Morphology and hemoglobin expression in SFCV-FLI-1 clones and in the control SFCV-0 clone, 3 days after shift to 428C in insulin (Ins) or insulin plus chicken anemic serum (Ins+aEpo). Cells were cytocentrifuged onto slides, stained with neutral benzidine plus histological dyes and photographed under blue light, to reveal histological details and staining for hemoglobin. Under these conditions, the large round erythroblast are lightly stained in blue while the oval, small erythrocytes exhibit dark staining. The diagrams below the photographs provide a quantitative evaluation of the stage of erythroid maturation in Insulin+anemic serum (Ins+aEpo). The frequency of the dierent cell types is shown as composite bar diagrams. White sectors: erythroblasts; light grey sectors: early reticulocytes; hatched sectors: late reticulocytes; black sectors: mature erythrocytes. (d) An erythroblast clone expressing FLI-1 and a control clone were cultivated at 428C in dierentiation medium containing insulin. After 16 h, cells were collected and subjected to the TdT/PI assay (TUNEL) for detection of apoptotic cells (see Materials and methods). Propidium Iodide (PI) staining quantitates cellular DNA content and in situ labeling of DNA ends by¯uorescein-12-dUTP using TdT assesses apoptosis. Discrimination between apoptotic and healthy cells is depicted on the left panel by boxing the apoptotic, TdT-positive cells. Percentages of apoptotic cells are indicated at the bottom of each panel might therefore depend upon its cooperation with unknown components present in anemic serum. To investigate the ability of FLI-1 to speci®cally interfere with the response to Epo, we analysed the consequences of FLI-1 expression on the dierentiation and survival of ts-v-Sea erythroblasts expressing the mouse EpoR. Ts-v-Sea erythroblasts clones coexpressing FLI-1 and mEpoR ( Figure 4a ) were generated following infection of bone marrow cells with the ts-v-Sea virus and SFCV-FLI-1/RCASmEpoR as described in Materials and methods. Control clones expressing mEpoR alone were similarly obtained using the SFCV-0/RCAS-mEpoR virus (Figure 4a ). Both types of clones were shifted to 428C in either the presence or the absence of recombinant hEpo. As described previously (Steinlein et al., 1994.; Tran Quang et al., 1997) , mEpoR expressing clones dierentiated terminally in response to hEpo as evidenced by their high level accumulation of hemoglobin and their morphological dierentiation into mature erythrocytes (Figure 4b and c, Ins+hEpo panel). In contrast, when analysed in the same conditions, mEpoR/FLI-1 clones remained largely immature and accumulated only low levels of hemoglobin (Figure 4b and c, Ins+hEpo panel).
In the absence of hEpo, mEpoR-expressing clones rapidly died by apoptosis as evidenced by the appearance of numerous TdT-positive cells 16 h after shift to 428C (Figure 4d ) and the accumulation of cellular debris after 3 days (Figure 4c , Ins panel). In contrast, in these conditions mEpoR/FLI-1 clones showed a considerable increase in survival as assessed by the drastic reduction in TdT-positive cells 16 h after shift (Figure 4d ) and the presence of live, immature cells after 3 days (Figure 4c, Ins panel) .
We conclude from these experiments that expression of FLI-1 in primary erythroblasts inhibits the terminal dierentiation program normally induced in these cells in response to Epo and enhances their survival by inhibiting the apoptotic cell death program normally induced by Epo withdrawal. In addition, FLI-1 induced survival correlates with the upregulation of bcl2 expression.
Expression of FLI-1 induces the proliferation of dierentiation-arrested erythroblasts
As a ®rst screen for the eect of FLI-1 on cell proliferation, a series of G418-resistant mEpoR and mEpoR/FLI-1 erythroblast clones were isolated from respective methylcellulose cultures and compared for their proliferation capacity after shift to 428C for 2 days in the presence of hEpo. In line with the fact that in these conditions mEpoR clones rapidly exit from the cell cycle to terminally dierentiate, mEpoR clones were found to incorporate only low levels of To study the eects of the expression of FLI-1 on cell proliferation in more details, mEpoR and mEpoR/ FLI-1 expressing clones were compared for their ability to self-renew in dierent conditions. Erythroblast clones were shifted to 428C in either the presence or absence of hEpo and cell proliferation monitored by daily cell counting. As expected from their rapid and massive apoptotic response, mEpoR erythroblasts failed to proliferate in the absence of hEpo. In the presence of hEpo, these cells only executed the 2 ± 4 cell divisions which normally accompany the terminal dierentiation of primary erythroblasts (Figure 6a , inset). In contrast, in these conditions, mEpoR/FLI-1 clones were found to self-renew for 4 ± 5 days as dierentiation-arrested erythroblasts to reach cumulative cell numbers of over 25 ± 50610 6 cells, depending on the clone analysed (Figure 6b ). Since the generation time of these clones is about 20 h, this corresponds to a cumulative number of cell divisions which corresponds to the Hay¯ick life span of chicken cells (Beug and Graf, 1977) . At that time, these cells lost viability and died. In the absence of hEpo, mEpoR/FLI-1 erythroblasts were also induced to self-renew as differentiation-arrested erythroblasts, albeit at a reduced rate (Figure 6b) .
Ts-v-Sea erythroblast clones expressing FLI-1 alone were also found to self-renew as dierentiation-arrested cells for similar time spans after shift to 428C (data not shown). Representative control and FLI-1 expressing erythroblast clones were shifted to 428C for 8 h. Total RNA was extracted and poly(A) + mRNA was puri®ed by oligo(dT) anity chromatography. Poly(A) + mRNA was analysed for bcl2 expression by Northern blot. Hybridization with a probe for chicken Band 4.1 was used for normalization. The 6.6 kb Band 4.1 transcript and the 6.5 kb and 4.5 kb bcl2 transcripts are indicated by arrowheads
We conclude from these experiments that expression of FLI-1 in primary erythroblasts induces these cells to proliferate as immature cells in an Epo-responsive manner. We next analysed the eect of FLI-1 on the regulation of the expression of several key regulators of erythroid dierentiation and cell proliferation. Previous studies have shown that aEpo-induced dierentiation of primary avian erythroblasts involves a major reprogramming of gene expression. Genes involved in selfrenewal of erythroid progenitors such as c-kit or c-myb are rapidly turned o, whereas those encoding erythroid-speci®c transcription factors such as GATA1, SCL and NF-E2 are transiently induced (Dolznig et al., 1995) . At the same time, concomitant with the shortening of the G1 phase observed within 24 h after dierentiation induction, expression of cdk6, cyclin D1 and cyclin D2 is rapidly downregulated (Dolznig et al., 1995) . These rapid changes are followed at later times by the increase in expression of erythrocyte-speci®c genes including b globin, Band3 and carbonic anhydrase type II (Dolznig et al., 1995; Zenke et al., 1988) .
We therefore compared the changes in gene expression induced by aEpo in control and FLI-1 expressing erythroblasts. The results of Figure 7 show that in control erythroblasts the expression of cdk6, cyclinD1 and cyclin D2 mRNAs was downregulated 24 h following aEpo-induced dierentiation (Figure 7a and quanti®cation in b). A cDNA clone encoding chicken cyclin D3 was obtained by RT ± PCR ampli®cation of an erythroblast library (see Materials and methods and Figure 8 ). Using this cDNA as a probe, the cyclin D3 gene was found to be expressed as a 2.6 kb transcript in proliferating erythroblasts which was also downregulated 24 h after dierentiation induction (Figure 7a and quanti®cation in b) . Because of its potential importance in normal erythropoiesis (Lee et al., 1992) , we also analysed the regulation of Rb expression during aEpo-induced dierentiation. As shown in Figure 7 , the level of Rb mRNA -like that of GATA1-was slightly upregulated 24 h after differentiation induction and downregulated thereafter Figure 5 FLI-1 expression induces the proliferation of mEpoR erythroblasts. Erythroblasts clones infected by either the control SFCV-0/RCAS-mEpoR virus or with SFCV-FLI-1/RCAS-mEpoR were picked from methylcellulose (see Materials and methods), grown for 2 days at 378C and shifted to 428C. After 2 days, clones were pulse labeled with 3 H-thymidine and radioactive counts incorporated into DNA was measured by scintillation counting Figure 6 Enforced expression of FLI-1 promotes self-renewal of mEpoR erythroblasts. Erythroblast clones expressing mEpoR alone (a) or mEpoR/FLI-1 (b) were shifted to 428C in presence of insulin (white dots) or Insulin+hEpo (dark dots). Cells were maintained at densities between 1 and 4610 6 cells per ml by proper dilution, counted daily using an electronic cell counter (CASY, SchaÈ rfe System, Germany) and cumulative cell numbers determined. To more accurately depict the cell divisions which accompany terminal dierentiation of control mEpoR clones, the growth curves in Ins+hEpo were redrawn using an enlarged ordinate (insets in the top panels) (Figure 7a ). These genes were similarly regulated following hEpo-induced dierentiation of mEpoRexpressing erythroblasts, except for the fact that these cells dierentiated faster and could not be maintained in sucient numbers to be studied beyond 48 h ( Figure  7c and quanti®cation in d) .
Enforced expression of FLI-1 did not signi®cantly aect the normal regulation pattern of GATA1 and Rb mRNAs expression and only resulted in a 24 h delay in the downregulation of cyclin D1 and cdk6 (a) SFCV-FLI-1 and control SFCV-0 erythroblasts were shifted to 428C in dierentiation medium containing Insulin+aEpo and total RNA was extracted after 6 h, 12 h, 24 h, 2 days, 3 days and 4 days as indicated. (c) mEpoR/FLI-1 erythroblasts and control mEpoR cells were treated similarly except for the replacement of aEpo by human recombinant Epo (hEpo 1 U/ml) and total RNA was extracted after 6 h, 12 h, 24 h and 48 h. RNAs were electrophoresed on agarose gels and processed for Northern blotting analyses using probes speci®c for chicken GATA1, Rb, cyclin D1, cyclin D2, cyclin D3 and cdk6. In (b and d) the respective signals were quanti®ed using a phosphorimager and normalized to the hybridization signal of the control 18S rRNA probe We conclude from these experiments that inhibition of terminal dierentiation and induction of proliferation induced by FLI-1 in primary erythroblasts is accompanied by the speci®c maintenance of high level expression of cyclin D3 and cyclin D2 and a delay in the normal downregulation of speci®c regulators of erythroid cell proliferation.
Discussion
The ®rst detectable molecular event in about 75% of F-MuLV-induced erythroleukemias is the retroviral insertional activation of FLI-1, suggesting an essential role of FLI-1 overexpression early in the disease (BenDavid et al., 1991; Howard et al., 1993) . The aim of the present study was to analyse whether the enforced expression of FLI-1 had intrinsic eects on primary erythroblasts. To answer this question we used a recently described, heterologous system based on primary avian erythroblasts, which allowed to dissect the respective contributions of the dierent molecular events which characterize SFFV-induced erythroleukemia (Tran Quang et al., 1997) . Our results show that the expression of FLI-1 profoundly modi®es the balance between terminal dierentiation and proliferation of erythroblasts. Speci®cally, the expression of FLI-1 was found: (i) to inhibit the apoptotic cell death program normally activated in erythroblasts following Epo deprivation; (ii) to inhibit the terminal differentiation program normally induced in these cells in response to Epo stimulation and; (iii) to induce their rapid but transient proliferation as dierentiationarrested erythroblasts in the presence of Epo.
In both SFFV-and F-MuLV-induced erythroleukemias the expression of speci®c ETS proteins is activated in erythroid progenitors. There is, however, a strict speci®city in the particular ETS protein involved: the SFFV-induced disease only involves the activation of Spi-1/PU.1 whereas F-MuLV-induced erythroleukemia is selectively associated with the activation of FLI-1. Since FLI-1 and Spi-1/PU-1 are distantly related members of the ETS family which only share homology in their ETS (DNA binding) domain, their speci®c activation might re¯ect a dierence in target gene speci®city or in their ability to interact with other transcriptional regulators (BenDavid et al., 1991) . Alternatively, since the F-MuLVinduced disease is only observed following infection of newborn animals, this strict speci®city has been proposed to re¯ect a dierence in target cells for erythroid transformation between the two viruses (BenDavid et al., 1991) . Our results show that, when expressed in the same erythroid progenitor background, both FLI-1 and Spi-1/PU.1 induce the deregulation of the normal balance between proliferation and dierentiation in erythroblasts, suggesting that an overlap exists between their molecular targets. In our system this is exampli®ed by the upregulation of bcl2 expression in both FLI-1-(this study) and Spi-1/ PU.1-expressing erythroblasts (Tran Quang et al., 1997) . Since both Spi-1/PU.1 and FLI-1 are able to bind and transactivate the bcl2 promoter in transient transfection assays (our unpublished observations), the upregulation of bcl2 observed in transformed erythroblasts is likely to result from the direct deregulation of bcl2 transcription by FLI-1 and Spi-1/PU.1.
Besides these similarities, major dierences in the biological properties of FLI-1 and Spi-1/PU.1 were also detected when compared in the same erythroid progenitors. Indeed, although both proteins are able to interfere with the normal survival, dierentiation and proliferation control of these cells, they require dierent cooperation partners for activity. First, in contrast to Spi-1/PU.1 (Tran Quang et al., 1997), FLI-1 does not require the cooperation with abnormaly activated forms of the EpoR to deregulate the normal dierentiation and proliferation control of erythroblasts. Secondly, whereas proliferation of Spi-1/PU.1 transformed primary erythroblasts is dependent upon SCF (Tran Quang et al., 1997), self-renewal of FLI-1 expressing erythroblasts is only marginally aected by the addition of SCF (our unpublished observations).
The dierential requirement of FLI-1 and Spi-1/ PU.1-expressing erythroblasts for a cooperation with abnormally activated forms of EpoR is in keeping with the fact that F-MuLV does not encode gp55 and that F-MuLV-induced erythroleukemia is not associated with the abnormal activation of the EpoR at the time FLI-1 is activated. In contrast, the activation of Spi-1/ PU.1 is always preceded by the abnormal activation of the EpoR by the gp55 envelope glycoprotein in the SFFV-induced disease (for review, see Ben-David and Bernstein, 1991) . This suggests that transformation of primary erythroblasts by FLI-1 and Spi-1/PU.1 also involves their interaction with distinct molecular events. The study of the properties of chimeric proteins between FLI-1 and Spi-1/PU.1 in our system will help to clarify whether the dierent requirements of FLI-1 and Spi-1/PU.1 for activated EpoR signaling and ligand-activated c-Kit results from a direct eect on the activity of these proteins e.g. by modifying their phosphorylation or regulates instead the activity of speci®c co-factors.
In F-MuLV-induced erythroleukemia, the concomitant drop in hematocrit and the emergence of proliferating erythroblasts in the spleen of infected animals correlates with the rearrangements of the FLI-1 locus and the overexpression of FLI-1 (Ben- David et al., 1991; Howard et al., 1993) . This observation, together with our results which show that FLI-1 is sucient to profoundly modify the normal balance between proliferation and dierentiation in primary erythroblasts, suggest that the activation of FLI-1 observed at the onset of F-MuLV-induced erythroleukemia provides a critical growth advantage to virus infected erythroblasts that would otherwise undergo terminal dierentiation or cell death. This in turn increases the size of a population of dierentiationarrested erythroblasts prone to subsequent genetic alterations leading to further deregulation of cell proliferation and to immortalization.
Epo-induced dierentiation of avian primary erythroblasts involves the concerted reprogramming of erythroid-speci®c gene expression as well as altered expression of cell cycle regulators. This causes alterations of cell size control, cell cycle exit and irreversible commitment to terminal dierentiation (Dolznig et al., 1995) . FLI-1 was found to speci®cally interfere with the normal regulation of a subset of these genes.
Enforced expression of FLI-1 was found to block the downregulation of cyclin D3 gene expression normally observed during Epo-induced dierentiation and to strongly interfere with the normal downregulation of cyclin D2 mRNA. The strong and immediate eect on cyclin D3 gene expression suggests that FLI-1 interferes with Epo-induced regulation of cyclin D3 expression by directly or indirectly activating the cyclin D3 promoter. The use of a FLI-1/estrogen receptor chimera combined with promoter studies should allow to clarify if cyclin D3 is a direct target of FLI-1 in erythroblasts. In contrast, we found no major dierence in the regulation of Rb and GATA-1 expression between control and FLI-1-expressing cells and only a delay in the downregulation of other genes associated with erythroblast proliferation such as cyclin D1. FLI-1 has been reported to bind a palindromic element in the chicken GATA-1 promoter and to transactivate a GATA-1 reporter construct in transiently transfected COS cell (Seth et al., 1993) . Assuming that FLI-1 also binds the GATA-1 promoter in FLI-1-expressing erythroblasts, our results indicate that it is unable to dominantly interfere with Epo-regulated expression of this gene in vivo.
Overexpression of either cyclin D2 and D3 in the 32D hematopoietic cell line has been shown to deregulate a G1 checkpoint controling S phase entry (Ando et al., 1993; Kato and Sherr, 1993) and to block their terminal dierentiation into granulocytes in response to G-CSF (Kato and Sherr, 1993) . The maintenance of high levels cyclin D3 and cyclin D2 in FLI-1-expressing erythroblasts could therefore also contribute to the deregulation of the normal control of the balance between proliferation and dierentiation. Experiments are in progress to analyse how enforced expression of either cyclin D2 or cyclin D3 alters the proliferation and dierentiation control of erythroblasts and to what extent these eects are redundant or cooperative.
Expression of GATA-2, which is normally downregulated 48 h after dierentiation induction, is also delayed in FLI-1-expressing cells (our unpublished data). Since enforced expression of GATA-2 in primary avian erythroblasts is known to inhibit their Epo-induced terminal dierentiation and to increase their proliferative potential (Briegel et al., 1993) , the delay in GATA-2 downregulation in FLI-1-expressing erythroblasts could therefore also contribute to the deregulation of their differentiation and proliferation.
Materials and methods
SFCV-and RCAS-derived retroviral constructs and generation of the corresponding viruses
The DEB-hFLI-1 expression plasmid (Bailly et al., 1994) was digested with EcoRI and the 850 bp 5' fragment was inserted at the EcoRI site of M13mp19. The ATG initiation codon was mutagenized so as to create a restriction site for BglII, using a 33mer mutagenic primer (5'-CCTTAATAGTCCCGTAGATCTGGCCAAGTCTGC-3', antisense sequence). The mutagenized fragment was released by digestion with EcoRI and sub-cloned into the EcoRI-restricted DEB-hFLI-1 to reintroduce the mutagenized fragment into full-length hFLI-1 cDNA. The resulting plasmid was digested with BglII+HindIII to release the entire coding region and sub-cloned into the BglII+HindIII restricted DEB-HA (Rabault and Ghysdael, 1994) , in frame with the HA epitope tag of this plasmid. The fragment encoding HA-hFLI-1 was released by SstI+EcoRI (partial digestion) and subcloned into SstI+EcoRI restricted Bluescript SK + , to generate HindIII restriction sites at both ends of the cDNA. The fragment encoding HA-hFLI-1 was retrieved by HindIII digestion and subcloned into HindIII-restricted pSFCV (Fuerstenberg et al., 1990) . The R-CAS-EpoR construct encoding the normal mouse EpoR has been described previously (Tran Quang et al., 1997) .
To rescue the corresponding viruses, 15 mg of each of either the pSFCV vector without insert (pSFCV-0) or the pSFCV-hFLI-1 derivative were co-transfected with 2.5 mg of either RCAS-A helper plasmid (Hughes et al., 1987) or with the RCAS-EpoR derivatives in primary chicken ®broblasts using the calcium phosphate coprecipitation method. After 48 h, transfected and infected cells were selected for neomycin resistance by cultivation in Dulbecco's modi®ed Eagle's medium supplemented with 10% of fetal calf serum and 2% of chicken serum in the presence of 0.4 mg/ml of G418 (Gibco).
Metabolic labeling and immunoprecipitation analyses
Fibroblasts (10 7 cells) or 2610 7 erythroblasts were incubated for 10 min in methionine and cysteine-free Eagle's medium (Flow laboratories) supplemented with 1 mM glutamine. Cells were next incubated with 1 ml of this medium supplemented with 500 mCi of a L-
35 S]Cysteine mixture (Promix, Amersham) for 2 h at 378C. Cells were then diluted in ice cold phosphate-buered saline and lysed in 3 ml of 10 mM TrisHCl pH 7.4; 0.1 M NaCl; 0.001 M EDTA; 1% Triton X-100; 0.5% sodium deoxycholate; 0.1% sodium dodecyl sulfate; 1% aprotinin; 100 mg/ml phenylmethylsulfonyl uoride; 10 mg/ml leupeptin and centrifuged at 100 000 6 g for 30 min. Immunoprecipitation analyses were performed as described previously (Tran Quang et al., 1995) and immunoprecipitates electrophoresed in polyacrylamide gel in the presence of 0.1% sodium dodecyl sulfate, followed by¯uorography of the dried gel. Antisera used in these study included the monoclonal anti-HA speci®c antibody (12CA5, Boehringer Mannheim) and a polyclonal EpoR anti-serum directed against the carboxy-terminal domain of the protein (a generous gift of Dr H Lodish).
Northern blot analyses
Total RNA was prepared from erythroblasts by lysis in guanidinium isothiocyanate and phenol extraction (Chomczynski and Sacchi, 1987) . Poly(A) + mRNAs were selected from 100 ± 150 mg total RNA using the PolyAT tract mRNA Isolation System (Promega). Total and poly(A) + RNA samples were separated in 1% agarose gels containing paraformaldehyde, transferred to nitrocellulose (Nytran Plus, Schleicher & Schull), ®xed by UV irradiation and hybridized sequentially with 32 P-labeled DNA probes. After washing, blots were analysed using a Phosphorimager (Molecular Dynamics). Probes for chicken GATA1, GATA2, cyclin D1, cyclin D2, cdk6, Band 4.1 and 18S rRNA were described previously (Dolznig et al., 1995) . cDNAs for chicken Rb (Boehmelt et al., 1994) and chicken bcl2 (Eguchi et al., 1992) were used to generate the Rb and bcl2 probes, respectively. A partial cDNA for the chicken homolog of cyclin D3 was generated by the polymerase chain reaction (PCR) using a lambda ZAPII library (Stratagene) of primary chicken erythroblasts (Dolznig et al., 1995) . The choice of degenerate oligonucleotide primers (forward: 5'-TGG ATG YTN GAR GTN TGY GA-3', 512-fold degenerate; reverse: 5'-SMY TCD ATY TGY TCY TGR CA-3', 512-fold degenerate) was based on the amino acid homologies between human, mouse and rat proteins. After puri®cation from agarose gels, the resulting fragment (410 bp) was subcloned into the pGEM-T vector (Promega). The identity of the insert was analysed by dideoxynucleotide sequencing. A fast search of EMBL and Genbank database revealed that the cloned cDNA fragment showed closest homology (80% identity) to the corresponding regions of human, mouse and rat cyclin D3.
Tunel assays
Erythroblast clones were analysed for apoptosis and cell cycle distribution as previously described (Tran Quang et al., 1997) . Apoptotic DNA fragments were end-labeled in situ with¯uorescein-12-dUTP by Terminal Deoxynucleotide Transferase (TdT) using the Apoptosis Detection system (Promega). Cells were counterstained with 5 mg/ml propidium iodide (Sigma) containing 250 mg/ml Dnase-free Rnase A (Sigma) and analysed on a FACScan¯ow cytometer (Becton Dickinson). A total of 4000 events were collected.
Culture and co-infection of bone marrow cells with ts-v-Sea (S13) and recombinant viruses Cell population enriched for primary erythroid progenitors were prepared from fresh chicken bone marrow cells as described previously (Tran Quang et al., 1997) . These cells were infected with one of the recombinant viruses and the S13 virus which encodes the temperature sensitive ts-Sea protein kinase (Knight et al., 1988) . Double infections were carried out by cocultivation of bone marrow-derived erythroid progenitors with mitomycin C-treated fibroblasts producing the respective viruses. After 48 h, infected erythroblasts were seeded in CFU-E methocel supplemented with recombinant chicken SCF, insulin and 2.7 mg/ml of G418. As previously described, addition of SCF and insulin speci®cally selects for the outgrowth of tsv-Sea erythroblast colonies. After 5 ± 7 days at 378C, the doubly-infected erythroblast colonies were picked and expanded in CFU-E medium containing 100 ng/ml SCF and 1.4 nM Insulin.
Dierentiation induction and assays for erythroid dierentiation parameters
Erythroblasts expressing the proteins under study were seeded at 1.5610 6 cells/ml in dierentiation medium (Kowenz et al., 1987) and incubated at 428C in the presence of either 1.4 nM of Insulin (Ins), or a combination of Insulin and 2% of a high titer chicken anemic serum as a source of avian Epo (Ins+aEpo), or a combination of Insulin and human recombinant Epo (0.1 U/ml; Eprex, a generous gift from Janssen-Cilag) (Ins+hEpo). Cells were counted daily in an electronic cell counter (CASY, SchaÈ rfe-system, Germany) and maintained at densities between 10 6 and 2610 6 cells/ml by daily dilution with factor-containing medium or partial medium change and re-addition of the respective factors.
Photometric hemoglobin assay Triplicate aliquots of 50 ml of dierentiation induced cells were collected and transferred to V-bottom shaped microtiter plates, washed twice in PBS and lysed for 20 min in 20 ml of H 2 O at 48C. 125 ml of developing agent (0.5 mg/ml O-phenylenediamine in 0.1 M citrate/phosphate buer, pH 5, containing 1 ml/ml of 30% H 2 O 2 ) was added to each well and the colour reaction was allowed to develop in the dark. 25 ml of 8M sulfuric acid was then added to stop the colour reaction. Absorbance was measured at 492 nm in an ELISA photometer. Hemoglobin marker content was normalized to live-cells numbers as determined using a CASY electronic cell counter.
Morphological and histochemical staining Aliquots (100 ml) of dierentiation-induced cells were cytocentrifuged, dried and stained with neutral benzidine plus histological dyes (Di-Quik) as described earlier (Beug et al., 1982) . Images were taken using a CCD camera (Photometrics) and a blue ®lter (480 nm), so that mature cells appear darkly stained. Images were processed with Adobe Photoshop.
[
H]thymidine incorporation
Aliquots of erythroblast clones representing 2 ± 5610 5 cells per 100 ml of medium were dispensed into 96 wells microtiter plate and labeled for 3 h with 0.8 mCi 3 Hthymidine per well (speci®c activity 30 Ci/mmole; Amersham). Labeled cells were collected onto glass ®ber ®lters using a cell harvester and incorporated radioactivity measured by liquid scintillation counting.
